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OPTICAL FIBER AMPLIFIER 

Field of the invention 

The present inveation relates to optical fiber teleoommumcation systems tnd to optical fiber 
ainplifiers which are employed in such systems. 

Backgrownd of the inveatiop 

Fiber amplifiers provide gain by the stimulated emisto A fiber amplifier typicdly 

includes a gain fiber, the core of which includes active dopant ions. A signi J to be amplified aa 
well as a pump signal are provided to the fiber core, and a waveleogdi .livision multipW 
(WDM) coupler can be used for this purpose. The pump signal is typically generated by a laser 
diode. 

The amplifier gain is related to the amount of pump power coupled to the j;ain fiber. Also, the 
output power of the amplifier influences Ihe fiequenoy response of the amplifier to signal 
modulation. Inpartieulax. as the oulput power increases, the amplifier becoraes less effective for 
low fiequeacy components of the input signal. The amplifier has a Idgh pass frequency 
response, which shifts towards higher firequencies for increased outpuv. power. Hie low 
frequency response is dependent on the time constant of the amplifier, whicl. is influenced by the 
intrinsic time constant of the erbium doped fiber (approximately 10ms). the effective area of the 
fiber and the power levels. 


There are, however, increasing power demands on optical anq>lifiers for use in TOM 
(wavelength division multiplex) optical communications systems. In these systems, a number of 
25 optical channels are located in close proximity acrass an operating bandwidlh of the system, for 
example covering wavelengths of 1530 to 1610 nm. As the number of ctannels increases, the 
total output power requirements of the amplifier increase, and it is more difficult to keep cross 
talk between ohaunels to acceptable levels. 
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Good overlap between flae pump and signal field distributions and the erbivan doping inlhe core 
is desirable. This can be accomplished by providing the gain fiber with a :»latively small mode 
field diameter (MFD), a characteristic that causes the optical power to be conceattated in a 
relatively small area along the fiber axis. This increases the field intersity for fixed output 
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powers and improves perfoimance, particularly at low pump powers. A 'Tiigli gain" or 'Tiigh 
efficiency" fiber can be achieved by employmi a relatively large refractive index difference 
between the core and cladding and a relatively small core diameter. Typicallj , Uie ^4FD for high 
efficiency fibers is less than the MFD of standard telecommunication fiberJ. by a fector of at 
5 least 1.5;l. Conventional telecommunication fibers typically have mode field diameters in tixe 
range of 9 nm to 1 1 tun for light at 1550 nm. 

Amplifier fibers are typically designed to ensure single mode operation of the fiber at the signal 
and pump wavelengflis. Typically, the pump signals liave a wavelength of S'SOnm and/or in the 

10 range 1450-1500nm, and the fiber is therefore designed to have a single mode out-ofif 
wavelength below 980mn, so that for all wavelengths at or above 980nm, th.j fiber operates as a 
single mode waveguide. Low bending losses are desired at the longest signal wavelength, and 
the requirement for single mode operation below 980nm (for example at 97Ciim) and good bend 
performance at long wavelengths forces the use of small mode field disanetcr fiber with a 

15 relatively large refractive index difference. The bend performance of the fiber is improved by 
increasing the index difference between flie core and cladding, while reducing the core diameter 
to msuntain the cut-off wavelength at the required value. 

One problem with the use of an amplifier using this conventional type of doped fiber, which 
20 occurs particularly at high operating powers, is the corruption of low frequency signals. This is 
aggravated by tiie low mode field diameter of conventional amplifier fiaer. which tends to 
increase flie low frequency attenuation. Systems using optical signals in ihe SONET or SDH 
format have relatively low frequency components. Some inq>lemcatations of optical 
communications systems also use a low fitsquency analogue maintenance obanneL This is a low 
25 modulation deptii amplitude modulated signal which is superimposed over ihe signal data. This 
nuuntenance channel has a lower data rate than the signal and can therefoi-e be read using low 
speed electro-optic oiicuitty. However, the low data rate of this maintenance channel makes it 
vulnerable to tiie poor low frequency response of conventional amplifiecs at high opeirating 
powers, 
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Snmmarv Of The Invention 

According to the invention, there is provided an optical anq>lifier comprising a doped fiber core 
and a cladding layer surrounding the core, the mode field diameter of the fibar being greater than 
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8 Mm and the refractive index difference between the core and the cladditig layer being selected 
such that the cut- off wavelength at which the fiber becomes single mode lies in the range 1000- 
1550nm. 

5 The amplifier of the invention uses a large mode; field diameter fiber, which ri>duces the intensity 
for a specified output power. This results in reduced filtering of the low ftetiuency components 
of the signal. The large mode field diameter worsens the bend perfoimance cf the fiber. Instead 
of reducing the refractive index difference to a level where the fiber is single mode at 980nm, the 
refractive index difference is instead selected to provide single mode opei-ation at fli© signal, 

10 wavelength. In particular, the refi-active index difference between the cere and cladding is 
selected such that the fiber is multi-mode at 980nm, 

The pun^ source (or sources) is/are preferably in the wavelength range 1450 - ISOQnm in order 
for the fiber to provide single mode operation at the pump and signal wa/elengths, although 
15 single mode operation at the pump wavelength is not essential. The operatic a of the amplifier is 
therefore closer to the cut-off wavelength, which reduces the population invtarsion at the edge of 
the core. Low intensity at the core-cladding boundary can be addressed by confining the rare 
eartli (erbium) to the center of the core, For high power applications, the impact of this edge 
effect is small. 

20 

Preferably, the cut- off wavelength lies between 1000 and 1450nm and the mode field diameter 
is between 10 and 14pm. The amplifier is preferably for use with a pomp operating at a 
wavelength between 1300 and 1450nm. 

25 The invention also provides a multi-stage amplifier witii different fiber tyi^es, the large mode 
field diameter fiber of the invention bein.g at the high power oulput end of the amplifier. Thus, 
the amplifier may comprise multiple fiber sections, a first fiber section beiatg positioned at the 
input of the amplifier, and a second section being positioned at the output of the amplifier, 
wherein the second fiber section comprises a doped fiber core and a claddirg layer surrounding 

30 the core, the mode field diameter of the fiber being greater than 8 pm, and the magnitude of the 
radial variation of refractive index difference between the core and the cladding layer beiiag 
selected such that the cut- off wavelei^gth at which the fiber becomes sinjjle mode lies in the 
range 1000-1 550mn, and wherein the first fiber section has a lower mode fie ld diameter than the 

3 


second fiber section. 
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The ampUfier of the mventlon is preferably used in an optical teansmissioa system having a 
transmitting node, a receiving node and an optical fiber link betweeai die nod«», whetein the link 
includes one or more amplifying repeaters, each comprising an amplifier of tiia invention. 

Brief Description Of The Drawings 

Examples of the invention will now be deiicribed in detail witJi reference to Ihc 

accompanying drawings in which: 

Figure 1 is a schematic illustration of tiie refractive index profile in conventional 
amplification fiber and in amplification fiber of the invention; 

Figure 2 shows how bend losses are influenced by the fiber design parameters; 

Figure 3 shows a first fiber amplifier according to the invention; 

Figure 4 shows a second fiber amplifier according to the invention; and 

Figure 5 shows an optical communications system using the amplifier of the invention. 

Detailed description 

Figure 1 shows schematically tiie refractive index profiles for various types of fiber. Figure lA 
shows the profile for conventional amplification fiber, in which a relatively :iarrow core is used, 
giving a mode field diameter of around 4 to 6 ^mi at 1550nm. This gives low noise and high 
efficiency operation and also ensures single mode operation for the pump and signal wavelengflis 
of interest. The small mode field diameter results in higher intensity signaLi which improve the 
efficiency of the amplifier. The fiber has a relatively high reflective index difference between 
the core and cladding. 


An optical amplifier essentiaUy has a high-pass filtering response, and one problem with tiie 
conventional fiber design used in optical amplifiers is fliat tiie small mode field diameter results 
in significant low frequency signal attenuation at high power levels, which can adversely affect 
low frequency signal components or low frequency channels, such as analogue maintenawse 
30 channels. 


One possible solution to this problem is to reduce the signal intensity in the. fiber, by increasing 
the mode field diameter. Thus, a profile as shown in Figure IB may be achieved. The larger 

4 


core diameter gives rise to increased mode field diameter. However, in ordei to maintain single 
mode operation at the wavelengths of interest, the refractive index difference laust be reduced, as 
shown schematically. Single mode operation will typicaUy be desired above wavelengflis of 
980mji, as 980nm pump sources are frequently used. 
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The use of this fiber gives rise to poor baid performance, as a result of the low refiractive index 
difference. 

Figure 2 shows how bend losses are influenced by the fiber design parameters. As shown by, , 
10 arrow 10, a reduction in the refiactive index diflEerence, which is required to maintain- single 
mode operation, worsens bend performance. However, increasing the angle mode cut-off 
wavelength 5^ tends to improve the head perfiwmance as represented by arrow 12. 

The invention provides an amphfier with a fiber having incteased mode field diameter, in order 
15 to reduce low firequcncy attenuation, and with increased single mode cut off wavelength, to 
improve bend perforaiance and the mode confinement. This increased single mode cut-off 
wavelength results fiom the increased refractive index diffwence, as shown in Figure IC. when 
compared witti the profile of Figure IB which maintains single mode operation to lower 
wavelengths. 
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In particular, tiie mode field diameter of fiie fiber is greater than 8 ^mi and the refiactlve index 
difference between the core and the cladding layer is selected such that the ciit- off wavelengtti at 
which fiie fiber becomes single mode lies in the range 1000-I450nm. Use of a cut-off 
wavelength between lOOOnm and 1450nm avoids mode coiq)ling problems, and ensures an 
25 acc^table field uniformity across the core. 

As one preferred example, the mode field diameter lies in the range 10 to 14 pm and the single 
mode out off wavelength lies in the range 1300-1450nm. This means ths fiber is no longer 
single mode for ±e 980nm pump wavelength, which may complicate the jse of 980nm pnn^ 
30 sourees. Instead. 1480nm pump sources may be used. Single mode 1480iun T?xunp diodes are 
available with comparable or higher output powers ttian equivalent 980nm dtsvioes. 


The increased single mode cut-off wavelength means the amplifier will opei-ate nearer to the cut 
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off wavelength, which reduces population inversion at the edge of the rare earth doped core. 
The invention provides an anxpUfier design for high power operation (for example as a result of 
the total number of WDM channels), and at high power operation, for example lOQmW 
(+20dBm) this effect becomes negUgible. The reduced intensity gives ris.s to a longer time 
constant which thereby reduces the attenuation or distortion of low frequency ^ximponents.. 

Figure 3 shows a first fiber amplifiier according to the invention. An input siipial is provided by 
input fiber 14 and an output is provided on output fiber 16. The rare earth dcped fiber amplifier 
is represented as 18. In the example shown, the fiber amplifier is co- and tvounter-pumped by 
pump sources 20,22, which operate in the wavelength band 1450-155Qmn, The pump light is 
coupled with the signal on the main signal carrying fiba: using WDM couplen? 24. 

Figure 4 shows a second fiber amplifier according to the invention. Where th s same components 
are used as in Figure 3, &e same reference numbers are used, and flie descripiion is not repealed. 
The rare earth doped fiber amplifier 18 comprises first and second fiber sestions 18a,18b, the 
first fiber section 18a being positioned at the input of the amplifier, and fte second section l8b 
being positioned at the output of the amplifier. Figure 4 shows the two fibar sections coi^led 
directly together, although there would typically be additional components, such as an isolator, 
gain flattening filter, pxmp multiplexer inserted betweea The second fiber section 18b is 
designed with the increased mode field diameter and increased cut-off wavelength, whereas the 
first fiber section 18a Las a lower mode field diameter than the second fibe:: section- The first 
fiber section 18a may comprise conventional low effective area amplifier fiber. This design 
places the new fiber design at the high power end of the amplifier because, is described above, 
high power operation is required to ensure that the large eflGective area fiber xmdeigoes sufficient 
population inversion. 

Figure 5 shows the amplifier of Figure 3 or 4 used in an optical transmission fiystem. The system 
comprises a transmitting node 26, a receiving node 28 and an optical fiber link 30 between the 
nodes. The link 30 includes one or more ampKfying repeaters 32, each comprising an amplifi^ 
as described above. 


The fiber used in the amplifier of the invention may comprise rare earth doped conventional 
transmission fiber The fiber may comprise an annular core, in which the i.-are earth doping is 
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confined to a relatively high field region in the center of the fiber. 

The increased fiber core diameter wiU improve apUce losses associated witi:> liie coxmeotian of 
the amplifier into communications systems. In particular, ihe fiber used in the amplifier ajay , 
5 have the same core and cladding dimensions as the conventional tranamissicm fiber used in the ? 
remainder of the system. 

A more detailed example of a specific fiber configuration suitable for use in the amplifier of the 
invention will now be given, with reference to an example of the specific chaiaoteristics requixed , 
10 of the amplifier. 

H It has been shown in C-R-Giles and E. Desurvire, •'Modelling erbimn-doped fiber anqjlifiers", J. 

S Lightwave Technology, vol. 9, no. 2, Feb 1991 , that a short section of the gain medium responds 

W as a single-pole low-pass filter with a comer fi«quency of: 

IS 15 

M 2m: 

Q 

O where is the time-averaged power in each channel k, P^'" is the fiber saturatton power at the 

wavelength of the channel k and t is the excited state Ufetlme, This is an aaproximation which 
20 does not take accoimt of the variation in power within a fiber amplifier. 

Increasing the mode field diameter increases ttie fiber saturation power, lodeed, doubling ttie 
mode field diameter increases the fiber saturation power by a fector of 4. which reduces the 
comer flreqiiency significantly. This in turn reduces the transmission loss at the channel 
25 frequency, which is important in long reach systems where both pre- and post-amplifiers are 
present and with many line amplifiers used in each liJik. 

Typical parameters for step index profiles fibers with aluminosilioate or gennania- 
aluminosilicate core are given below: 
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Conventional fiber fas schematicallv shown in Figure 1 A) 
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Mode field diameter at ISSOnin; 
Theoretical fiber cut-ofiF wavelength; 
Core-cladding refractive index difference: 
Core radius: 


5,5fim 
920nm 


0.021 


1.42)xm 
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Lar^e area fiber for use in the amplifier of the invention fas sche maticallv sho vn in Figure IC^ 
Mode field diameter at ISSOnm: lljmi 
Theoretical fiber cut-off wavelengthi ISSOmn 
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Core-cladding Tefi:aclive index differoice; 0.004 
Core radius: 5,5\\m 


The erbium concentration may be adjusted so that the absorption at iSSOom is in the range 
2dB/m to 25dB/m. The erbium concentration is not usually critical, and ^^ill be selected as a 
compromise between increased background attenuation for long fibesr lengthiJ, against a possible 
15 loss of efBciency, for example due to excited state absorption from erbium iaa clustering, at very 
high concentrations. By way of example, the comer frequency may be detigned to be around 
5kHz for a modulation frequency of lOOkHz. 

Although not described or shown above, various components may additionally be used within 
20 the amplifier to reduce backward propagating ASE, for example buried isolators and filters. 
There are numerous pumping schemes which may include interaiediate coupling of pump light 
into the amplifier at a location between the ends of the fiber. All of ttiese possibilities can be 
employed in the amplifier of the invention, and will be ^parent to those skilled in the art. 
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